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ABSTRACT
We compute the type Ia, Ib/c and II supernova (SN) rates as functions of the cosmic time for galaxies
of different morphological types. We use four different chemical evolution models, each one reproducing
the features of a particular morphological type: E/S0, S0a/b, Sbc/d and Irr galaxies. We essentially
describe the Hubble sequence by means of decreasing efficiency of star formation and increasing infall
timescale. These models are used to study the evolution of the SN rates per unit luminosity and per
unit mass as functions of cosmic time and as functions of the Hubble type. Our results indicate that:
(i) the observed increase of the SN rate per unit luminosity and unit mass from early to late galaxy
types is accounted for by our models. Our explanation of this effect is related to the fact that the latest
Hubble types have the highest star formation rate per unit mass; (ii) By adopting a Scalo (1986) initial
mass function in spiral disks, we find that massive (i.e. with initial mass > 25M⊙) single stars ending
their lives as Wolf-Rayet objects are not sufficient to account for the observed type Ib/c SN rate per unit
mass. Less massive stars (i.e. with initial masses 12 < M/M⊙ < 20) in close binary systems can give
instead a significant contribution to the local Ib/c SN rates. On the other hand, with the assumption
of a Salpeter (1955) IMF for all galaxy types, single massive WR stars are sufficient to account for the
observed type Ib/c SN rate. (iii) our models allow us to reproduce the observed type Ia SN rate density
up to redshift z ∼ 1. At higher redshifts, our rates are higher than the few available data. In particular,
we predict an increasing type Ia SN rate density with redshift, reaching a peak at redshift z ≥ 3, because
of the contribution of massive spheroids. (iv) At z = 0, we reproduce the observed CC SN rate density.
Owing to the few available observations, no firm conclusion can be drawn on the behaviour of the CC
SN rate at redshift z > 0.
Subject headings: Galaxies: evolution; Galaxies: fundamental parameters; Supernovae: general
1. introduction
The study of supernovae (SNe) plays a very important
role in modern astronomy. SNe type Ia, Ib/c and II have
different stellar progenitors, ending their lives on different
timescales. Type Ib/c and II SNe have massive progen-
itors, exploding on short timescales, from few million to
several tenths of million years, whereas Type Ia are be-
lieved to originate from low and intermediate mass stars, in
particular from C-O white dwarfs in binary systems, end-
ing their lives on timescales ranging from ∼ 0.03 up to a
Hubble time or more. The type Ia SN rate is hence related
to the past star formation history of a galaxy, whereas the
type Ib/c and II rates reflect the birth rate of massive
stars, i.e. the galactic star formation rate (SFR). For this
reason, the parallel study of the type Ia, Ib/c and II SNe
provides us with a complete set of information about stel-
lar and galactic evolution.
In the recent years, it has been possible to determine the
local supernova rates (SNRs) in great detail, both as func-
tions of the luminosity and mass of the various galac-
tic morphological types, as well as in different environ-
ments (Muller et al. 1992, Cappellaro, Evans & Turatto
1999, Gal-Yam, Maoz & Sharon 2002, Mannucci et al.
2005). Furthermore, modern telescopes have allowed the
astronomers to derive the supernova rates up to high red-
shift, providing crucial information on the various SN pro-
genitors and on the main parameters determining galaxy
evolution, such as the star formation rate and the stellar
initial mass function.
This wealth of data has allowed us to improve our theoret-
ical understanding of SNe and of their progenitors. Sev-
eral theoretical investigations of the cosmic SN rate have
suggested some constraints on the cosmic star formation
history (Madau, Della Valle & Panagia 1998; Sadat et al.
1998, Kobayashi, Tsujimoto & Nomoto 2000, Hopkins &
Beacom 2004) and on the timescales for the explosion of
the progenitors of type Ia SNe (Yungelson & Livio 2000,
Mannucci et al. 2006). However, in all of these works,
little emphasis has been put on the study of the SN rate
as a function of the galactic morphological type. Another
aspect which has not been investigated is how the SN rates
in single galactic types have evolved with cosmic time, as
well as the contribution to the cosmic SN rates by different
galactic types. Furthermore, there has been no attempt to
model the SN rate as a function of the galactic stellar mass.
The study of these aspects is the main motivation of this
paper. We use detailed chemical and spectrophotometric
evolution models for galaxies of different morphological
types and we attempt to study the Ia, Ib/c and II SNRs
as functions of the galactic Hubble type and of the cosmic
time. We build a galactic Hubble sequence, consisting of
four classes of models: E/S0 galaxies, spirals (S0a/b and
Sbc/d) and irregular types (Irr). We model the SN rates
for all known SN types (i.e. types Ia, Ib/c and II) and
by comparing our predictions with the observational data,
we derive important information on the SN progenitors.
Finally, by studying the SN rate density and its evolution
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with redshift, we gain information on the global star for-
mation rate and on how the galaxy populations evolved
throughout a large fraction of the cosmic time.
The present paper is organized as follows. In section 2 we
present the chemical evolution equations and the models
used in this work. In section 3 we present our results.
Finally, in section 4 we draw the conclusions.
2. the chemical evolution models
2.1. How to model the galactic Hubble sequence
In this paper, the chemical evolution models are used to
describe four different galactic Hubble types: E/S0, S0a/b,
Sbc/d and Irregulars. A model for a spheroid, character-
ized by a strong and rapid star formation event, followed
by passive evolution, is used to describe E/S0 galaxies.
Two different models describe early type spirals (S0a/b)
and late spirals (Sbc/d), respectively. Finally, to describe
Irregular galaxies, we use a model characterized by a star
formation history which has proceeded with bursts of low
efficiency.
Here we present the basic chemical evolution equations
and the assumptions common to all models.
The time-evolution of the fractional mass of the element
i in the gas within a galaxy, Gi, is described by the basic
equation:
G˙i = −ψ(t)Xi(t) +Ri(t) + (G˙i)inf − (G˙i)out (1)
where Gi(t) = Mg(t)Xi(t)/Mtot is the gas mass in the
form of an element i normalized to a total fixed mass
Mtot and G(t) = Mg(t)/Mtot is the total fractional mass
of gas present in the galaxy at the time t. The same
quantities can be defined in terms of the surface gas and
mass densities, especially in spiral galaxies. The quantity
Xi(t) = Gi(t)/G(t) represents the abundance by mass of
an element i, with the summation over all elements in the
gas mixture being equal to unity. ψ(t) is the fractional
amount of gas turning into stars per unit time, namely
the SFR. Ri(t) represents the returned fraction of matter
in the form of an element i that the stars eject into the
ISM through stellar winds and supernova explosions. This
term contains all the prescriptions concerning the stellar
yields and the SN progenitor models.
The two terms (G˙i)inf and (G˙i)out account for the infall
of external gas and for galactic winds, respectively. The
presence of infall and winds varies for galaxies of different
morphological type (see sections 2.2, 2.3 and 2.4).
The nucleosynthesis prescriptions are common to all mod-
els. For massive stars and type Ia SNe, we adopt the em-
pirical yields suggested by Franc¸ois et al. (2004), which
are substantially based on the Woosley & Weaver (1995)
and Iwamoto et al. (1999) yields, respectively. Fow low
and intermediate mass stars, we adopt the prescriptions
by van den Hoeck & Groenewegen (1997).
The prescription adopted for the star formation history is
the main feature which characterizes a particular morpho-
logical galactic type. In its simplest form, the SFR ψ(t)
in our models is a Schmidt (1959) law expressed as:
ψ(t) = νGk(t) (2)
The quantity ν is the efficiency of star formation, namely
the inverse of the typical time-scale for star formation, and
is expressed in Gyr−1.
Unless otherwise stated, the rate of gas infall, for a given
element i, is defined as:
(G˙i)inf =
A
Mtot
e−t/τ (3)
with A being a suitable constant and τ the infall
timescale. The rate of gas loss via galactic winds for each
element i is assumed to be proportional to the star forma-
tion rate at the time t:
G˙iw = wi ψ(t) (4)
where wi is a free parameter describing the efficiency of
the galactic wind. In all models the instantaneous recy-
cling approximation is relaxed and the stellar lifetimes are
taken into account.
2.2. Early type galaxies
For the chemical evolution of ellipticals and S0 galaxies
we adopt the model of Pipino & Matteucci (2004) where
we address the reader for details. Here we recall the main
assumptions: ellipticals form by means of a rapid collapse
of pristine gas where star formation occurs at a very high
rate (starburst-like regime), and after a timescale vary-
ing with the galactic mass, each galaxy develops a galactic
wind due to the energy deposited by SNe into the interstel-
lar medium (ISM). After the development of this wind, no
star formation is assumed to take place. The SN feedback
is taken into account together with the cooling of SN rem-
nants and the development of galactic winds is calculated
in a self-consistent way. Massive but diffuse haloes of dark
matter around these galaxies are considered. We assume
that the efficiency of star formation rate is higher in more
massive objects which evolve faster than less massive ones
(inverse-wind scenario, Matteucci, 1994, otherwise called
“downsizing”). A Salpeter (1955) IMF constant in space
and time is adopted. The choice of such an IMF for el-
lipticals and S0 galaxies assures that several observational
constraints such as the average stellar abundances and the
color-magnitude diagram (see Pipino & Matteucci, 2004)
are well reproduced, as well as the metal content in clus-
ters of galaxies (see Renzini 2004). In the SFR expression
(eq. 2) we assume k=1 and ν = 10Gyr−1. The infall is
assumed to occur on an extremely short timescale (< 0.1
Gyr).
2.3. Spiral galaxies
The model used for spiral (S0a/b and Sbc/d) galaxies is
the two infall model by Chiappini et al. (1997). The first
infall creates the halo and the thick disk, on a timescale
of ∼ 1 Gyr. The second infall gives rise to the thin disk.
The timescale for the disk formation is assumed to in-
crease with the galactocentric distance (τ = 8 Gyr at the
solar circle), thus producing an “inside-out” scenario for
the disk formation. The use of the two-infall model to
describe spirals other than the Milky Way is motivated
by the fact that the Milky Way is a rather common spi-
ral galaxy. Recent results of Yoachim & Dalcanton (2006),
who have analyzed a sample of nearby disks, show that the
structural properties of the thin and thick disks of these
galaxies are similar to the ones of the Milky Way. This
indicates that all spirals are likely to have a similar origin.
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The infall law used for spirals is based on equation (3)
but is expressed in terms of the surface mass density. For
a generic chemical element i, the accretion term in spirals
is given by:
(G˙i)inf = Xi,inf (Ae
−t/τH +Be−(t−τinf )/τD) (5)
with B = 0 for t < τinf . The quantity τH is the timescale
for the inner halo formation (0.5-1 Gyr) and τD is the thin
disk timescale, whereas τinf is the time of maximum gas
accretion onto the disk, coincident with the end of the
halo/thick disk phase. Both τD and τinf assume differ-
ent values for the S0a/b and Sbc/d types (see table 2.5).
Xi,inf is the abundance of the element i in the infalling
material, that we assume to have a primordial chemical
composition. The quantities A and B are constants de-
rived in order to reproduce the current average total sur-
face mass density in the halo and in the disk of each galac-
tic type, respectively. For the surface mass density in the
halo, the reference value is the one of the Milky Way, i.e.
σH = 20M⊙ pc
−2 (Kuijen & Gilmore 1991). For the sur-
face mass density in the disks, the values we adopt are: the
total surface mass densities by Roberts & Haynes (1994),
i.e. σD,S0ab = 154M⊙ pc
−2 and σD,Sbcd ∼ 100M⊙ pc
−2 for
S0a/b and Sbc/d galaxies, respectively.
The IMF is assumed to be constant in space and time.
For the IMF, we test two possibililities: the Salpeter (1955)
IMF and the Scalo (1986) IMF. In general, for spiral disks
the latter is to be preferred over the former, for several rea-
sons. With this IMF, in fact, it is possible to explain the I-
band mass to light ratio for the stellar component of spiral
galaxies, whereas a Salpeter IMF leads to an overestima-
tion of this quantity (Portinari et al. 2004). An important
indication about the disk IMF comes also from chemical
evolution models (see Chiappini et al, 1997; 2001), which
clearly indicate that to reproduce the main features of the
solar neighbourhood and the whole disk a Scalo-like IMF
is preferred, and that the Salpeter IMF would overesti-
mate the solar abundances (see Romano et al. 2004 for a
detailed discussion on this point).
2.4. Dwarf irregulars
For the dwarf irregulars we assume a one zone model
with instantaneous and complete mixing of gas inside this
zone. Irregular galaxies assemble all their mass by means
of a continuous infall of pristine gas. The SFR is char-
acterized by bursts separated by long quiescent periods.
These star bursts, if strong enough, can also trigger a
galactic wind (GW) (Bradamante et al. 1998, Recchi et
al. 2002). The conditions for the onset of the GW are
identical to the ones described for elliptical galaxies. As
for E/S0 galaxies, for Irr the adopted IMF is the Salpeter
(1955) one. This choice is in agreement with the results
by Calura & Matteucci (2004), who have shown that the
adoption of a steeper IMF in dwarf irregulars leads to
an underestimation of their average metallicity. Here we
adopt a star formation history suitable for the Large Mag-
ellanic Cloud as representative of this type of galaxies
(Calura, Matteucci & Vladilo 2003).
The spectral evolution of all the galactic morphologi-
cal types has been calculated by means of the spectro-
photometric code by Jimenez et al. (2004). This code
allows one to follow in detail the metallicity evolution
of the gas out of which the stars form. This is possible
thanks to the large number of simple stellar populations
calculated by Jimenez et al. (2004) by means of new stel-
lar tracks, with ages between 1× 106 and 14× 109 yr and
metallicities ranging from Z = 0.0002 to Z = 0.1.
The main spectral observables considered in this work
(i.e. the galactic blue luminosities) have been corrected
for dust extinction effects (Cappellaro et al. 1999). For
this reason, in our spectro-photometric calculations we do
not take into account dust extinction.
In table 2.5 we show the adopted parameters for the
four chemical evolution models described in this section.
In column 1 we list the parameters which are, for all galax-
ies, the star formation efficiency ν, the infall timescale τinf
and the IMF. For the spirals, there is one additional pa-
rameter, i.e. the thin disk timescale τD. In columns 2, 3, 4
and 5 we present the parameter values adopted for E/S0,
S0a/b, Sbc/d and Irr, respectively. The SFR parameters
adopted in this work have been chosen in order to repro-
duce the main features of the Hubble sequence, i.e. the fact
that galaxies from E/S0 to Irr show progressively younger
stellar populations, higher star formation rates per unit
mass and higher gas fractions (Sandage 1986, Kennicutt
1998). In particular, we interpret the Hubble sequence as
a sequence of decreasing efficiency of SF and increasing
infall timescale.
In table 2, we show the present-day main properties of the
galactic morphological types studied in this work, as ob-
served by various authors and as predicted by means of
our models. We assume that the age of all the galaxies
is 12.5 Gyr, which, assuming the set of cosmological pa-
rameters suggested by Spergel et al. (2006) (Ω0 = 0.24,
ΩΛ = 0.76, h = 0.73), corresponds to a redshift of forma-
tion zf = 5. The observables considered in table 2 are the
neutral H mass MHI , the blue luminosity LB, the ratio
between these two quantities, the (B-V) colour and the
metallicity.
The measure of the metallicty in the ISM of spirals and
irregular galaxies is possible by means of the observation
of the bright HII regions, whereas the determination of
the abundances in the hot ISM of the elliptical and S0
galaxies can be a very diffucult task. Moreover, the hot
gas in ellipticals may have an external origin. The abun-
dances in E/S0 galaxies are therefore stellar abundances.
They are derived from their visual integrated spectrum by
means of metallicity indices and then converted to [Fe/H]
through suitable calibrations (see Kobayashi & Arimoto
1999). From table 2, it is possible to see that all the prop-
erties of present-day galaxies are reproduced with good
accuracy by our models.
2.5. The star formation rates
In figure 1, we plot the time evolution of the star for-
mation rates (expressed in M⊙/yr) for the four models
described above. A typical E/S0 galaxies is characterized
by very high SFR values (from 100 to 1000 M⊙/yr) and
by a starburst lasting ∼ 0.2 Gyr.
The predicted SFR for S0a/b and Sbc/d are characterized
by two peaks, which are due to the two infall episodes. At
the present time the S0a/b and Sbc/d models have similar
SFR values, of the order of ∼ 4− 6M⊙/yr but in the past
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the S0a/b had a higher SFR than the Sbc/d during the
disk phase. In fact, the timescale for gas accretion onto
the disk in Sbc/d galaxies is assumed to be larger than in
S0a/b, thus producing a shallower SFR. The SFR of the
irregular model consists of an early burst, lasting 0.1 Gyr,
and a very long period of low efficiency star formation,
lasting 9 Gyr. The irregular model is the one character-
ized by the lowest SFR values, typically of the order of
∼ 0.1− 0.2M⊙/yr.
In Figure 2, we show the predicted evolution of the SFR
per unit mass (SFRm, expressed in 10
9 yr−1) for the four
models used in this work. This quantity was introduced by
Sandage (1986) and is very important for the arguments
discussed in this paper. In fact, this quantity is the main
driver of the morphological differences among the various
Hubble types. From Figure 2, we see that the galaxy types
presenting the highest SFRm are the E/S0, with values up
to several 10−7 yr−1. At the beginning of the bursts, also
Irr galaxies present a very high SFRm of ∼ 10
−7 yr−1.
S0a/b and Sbc/d have initial SFRm of ∼ 10
−7 yr−1 only
during a very short initial phase, after which they evolve
with progressively decreasing values. It is interesting to
note that at the present time, the SFRm is an increasing
function of the Hubble type, with progressively higher val-
ues from the early to the late types. This fact will have
important consequences on the study of the SNR per unit
luminosity and mass (see sections 3.1 and 3.2).
2.6. The supernova Rates
2.6.1. Type Ia supernovae
To describe type Ia supernova progenitors, we assume
the single degenerate (SD) scenario by Whelan & Iben
(1973). In this scenario, a C-O white dwarf accretes
mass from a non-degenerate companion until it reaches
the Chandrasekhar mass (∼ 1.4M⊙) and explodes via C-
deflagration, leaving no remnant.
The type Ia SN rate is expressed as:
RIa(t) = AIa
∫ MBM
MBm
φ(MB)[
∫ 0.5
µm
f(µ)ψ(t− τM2)dµ]dMB
(6)
where AIa represents the proportion of stars in the mass
range MBm ≤ MB ≤ MBM , which are born as binaries
of that particular type which eventually produces SNe
Ia. The quantity µ = M2/MB is the ratio between the
secondary component of the binary system (i.e. the less
massive one) and the total mass of the system and f(µ) is
the distribution function of this ratio. Statistical studies
indicate that mass ratios close to 0.5 are preferred, so the
formula:
f(µ) = 21+β(1 + β)µβ (7)
is commonly adopted (Matteucci & Recchi 2001), with
β = 2 as a parameter. τM2 is the lifetime of the secondary
star in the system, which determines the time-scale for
the explosion. The assumed value of AIa is fixed by re-
producing the present time observed rate and depends on
the assumed IMF (Matteucci et al. 2003). For the masses
MBm and MBM , we chose the values 3M⊙ and 16M⊙,
respectively (see Matteucci & Greggio 1986).
2.6.2. Type II supernovae
We assume that single massive stars with initial masses
in the range > 8− 25M⊙ explode as type II core collapse
supernovae. The type II SN rate is expressed as:
RII(t) = (1−AIa)
∫MBM
>8 φ(M)ψ(t − τM )dM+∫ 25
MBM
φ(M)ψ(t − τM )dM (8)
The upper limit for for type II SN is uncertain and it can
vary from 25 M⊙ to 100 M⊙, according to the mass loss.
2.6.3. Type Ib/c supernovae
The origin of type Ib/c SNe is rather controversial. They
occur in late type galaxies, in general in the vicinity of star
forming regions (Filippenko 1991). This fact indicates that
the most likely progenitors of these SNe are massive stars,
such as Wolf-Rayet (WR) stars (Filippenko & Sargent
1986, Schaeffer, Casse´ & Cahen 1987), which eject their H
envelope by means of intense stellar winds. However, there
are observational evidences against this hypothesis, such
as the observed light curves, in general broader than the
ones achievable by assuming that they originate from the
collapse of very massive stars. Other problems are repre-
sented by the apparent paucity of WRs, unable to account
for the rates observed in local galaxies (Muller et al. 1992),
along with the fact that some events have been observed
relatively far from active star forming regions (Filippenko
1991). More promising candidates, which could account
for these evidences, are represented by less massive stars,
with typical masses of 12 − 20M⊙ (Baron 1992, Pols &
Nomoto 1997), in close binary systems. In this case, the
loss of their envelope occurs by means of Roche-Lobe over-
flows. However, we will start with the simplest assumption
and, as suggested by Maeder (1992), we assume that all
the massive stars with initial mass M ≥ 25M⊙ explode as
type Ib/c supernovae. The Ib/c SN rate is then expressed
as:
RIb/c(t) =
∫ 100
25
φ(M)ψ(t− τM )dM (9)
3. results:supernova rates per unit luminosity
and per unit mass
The SNR can be expressed per unit blue luminosity,
according to:
1SNu = 1SN/1010L⊙B/century (10)
The SNR per unit luminosity (SNu) depends on the details
of the SN progenitor models and on the blue luminosity.
On the other hand, the SNR per unit stellar mass (SNuM,
Mannucci et al. 2005) is expressed as:
1SNuM = 1SN/1010M⊙/century (11)
By adopting these units, the SNR contains information on
the stellar mass, which reflects the integrated star forma-
tion history, hence it provides different pieces of informa-
tion than the SNR per unit luminosity.
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Parameters
Hubble Type ν τinf τD IMF
(Gyr−1) (Gyr) (Gyr)
E/S0 10 - - Salpeter
S0a/b 2 1 3 Scalo
S0a/b 2 1 1 Salpeter
Sbc/d 0.8 5 5 Scalo
Sbc/d 0.8 5 5 Salpeter
Irr 0.05 10 - Salpeter
Table 1
Adopted parameters for the galactic Hubble types modeled in this work. The galactic Hubble types are listed in column
1. In columns 2, 3, 4 and 5, we present the adopted parameters, i.e. the star formation efficiency ν, the infall timescale
τinf , the disk timescale τD and the IMF, respectively.
Table 2
Hubble Type LB MHI MHI/LB B-V Metallicity
(1010L⊙) (10
8M⊙) (M⊙/L⊙)
Obs Pred Obs Pred Obs Pred Obs Pred Obs Pred
E/S0 0.3-9.41 0.9 0.04-501 0.07 0.0001-0.131 0.0008 0.86-0.942 0.86 <[Fe/H]>a5=
-0.8-0.3 -0.69
S0a/b 2.1-10.72 4.3 18-2602 65 0.04-0.332 0.15 0.55-0.832 0.66 12+log(O/H)a6=
(Scalo IMF) 8.0-9.5 8.8
S0a/b 2.1-10.72 2.9 18-2602 47.5 0.04-0.332 0.16 0.55-0.832 0.69 12+log(O/H)a6=
(Salp. IMF) 8.0-9.5 9.3
Sbc/d 0.98-9.552 4.7 40-2602 125 0.19-0.562 0.27 0.42-0.622 0.48 12+log(O/H)a6=
(Scalo IMF) 8.0-9.5 8.6
Sbc/d 0.98-9.552 4.7 40-2602 133 0.19-0.562 0.28 0.42-0.622 0.44 12+log(O/H)a6=
(Salp. IMF) 8.0-9.5 9.0
Irr 0.1-0.72 0.21 7.4-61.72 36.5 0.36-23,4 1.7 0.35-0.532 0.38 12+log(O/H)a6=
(Scalo IMF) 7.5-9.0 8.2
Observed and predicted present-day properties of the galactic morphological types studied in this work. The galactic
Hubble types are listed in column 1. In columns 2, 3, 4, 5 and 6 we present the observed and predicted values for the
blue luminosity, the HI mass, the HI mass to light ratio, the B-V colour and the metallicity, respectively.
References : 1Sansom et al. (2000); 2Robert & Haynes 1994, 3Garland et al. (2004); 4Hunter & Elmegreen (2004);
5Kobayashi & Arimoto (1999); 6Vila-Costas & Edmunds (1992).
Notes :aFor E/S0 galaxies, the chemical abundances reported in the table are the stellar ones. For S0a/b, Sbc/d and Irr
galaxies, the chemical abundances reported in the table are the ones measured in HII regions.
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Fig. 1.— Predicted star formation rate, expressed in M⊙/yr, as a function of time for different galactic Hubble types.
Fig. 2.— Predicted star formation rate per unit mass, expressed in 109 · yr−1, as a function of time for different galactic Hubble types.
Cosmic Supernova Rates and the Hubble Sequence 7
3.1. SN rates per unit blue luminosity
In Figure 3, we show the predicted evolution of the
type Ia, Ib/c and II SNRs per unit blue luminosity for all
the 4 galactic morphological types studied in this work.
In E/S0 galaxies, all type II SNe explode until ∼ 0.2 Gyr,
which corresponds to the starburst timescale. The Ib/c
SNR is dominant at the beginning of the starburst, when
the most massive stars explode. After ∼ 0.01Gyr, the
type II SN dominate the total rate until ∼ 0.2 Gyr. The
type Ia SNR, on the other hand, starts to be significative
at ∼ 0.1 Gyr and peaks at ∼ 3 Gyr. After this time, it
decreases continuously up to the present time (T0 ∼ 12.5
Gyr).
The Ib/c and II SNRs of the S0a/b type reflect the effects
of the two infall episodes, which determine the shape of
the star formation history. They both decrease until 1
Gyr, where they rise again and present a peak. This peak
occurs in correspondence of the discontinuity in the SFR
at t = 1 Gyr (see Fig. 1). After this peak, the Ib/c and II
SNRs decrease continuously until the present time (12.5
Gyr).
The type Ia rate has a completely different behaviour.
It presents a very broad peak in correspondence of the
first infall, then it increases nearly monotonically until the
present time.
Also for galaxies of the Sbc/d types, the Ib/c and II SNR
strongly depend on the two infalls. They both decrease
until 1 Gyr, when the SFR has a strong discontinuity (see
Fig. 1). The Ib/c and II SNRs are then nearly constant
until 6 Gyr, when they present a peak and then decrease
up to the present time. The type Ia SNR is similar to the
one described for the S0a/b galactic type.
For the Irr galaxy types, the SNRs strongly reflect the
bursty star formation history. The Ib/c and II SNRs
peak in correspondence of the first starburst, at 1 Gyr,
then they drop as a consequence of the short duration of
the first burst, which is 0.1 Gyr. The Ib/c and II SNRs
present a second peak at t ∼ 6 Gyr, when the star for-
mation starts again, then they decline until the present
time. The type Ia SNR shows a first peak, occurring
at 1.1 Gyr. A second broad peak is located at 3 Gyr.
This second peak is mainly due to a strong decrease of
the blue luminosity, predicted by our spectro-photometric
model in the period in-between the two bursts. The type
Ia SNR restarts to increase a short time after the second
burst and then flattens, to remain constant up to 12.5 Gyr.
The predicted evolution of the SNR per unit mass for
different galactic morphological types is shown in Figure 4.
For each galactic type, the time evolution of the Ib/c and
II SNRs are very similar to the SNRs per unit luminosity,
as described above. However, we note that the predicted
evolution of the type Ia SNR per unit mass is substantially
different than the predicted type Ia SNR per unit lumi-
nosity. In the case of E/S0 galaxies, the SNuM peaks at a
different time than the SNu. In the case of the S0a/b and
Sbc/d galaxies, in the disk phase, i.e. at times larger than
1 Gyr, the SNuM is a decreasing function of time, whereas
the SNu follows an opposite trend. Also for Irr galaxies,
during the second star formation episode, the SNuM de-
creases, whereas the SNu increases. All of these effects
are due to the fact that, as the cosmic time increases, the
stellar mass and the blue luminosity are increasing and
decreasing, respectively.
In Figure 5, we plot the observed and predicted present-
day type Ia (lower panel), Ib/c (middle panel) and II
(higher panel) SN rate per unit blue luminosity as a func-
tion of the galactic morphological type. We assume that
all galaxies are coeval, with ages of 12.5 Gyr. The open
circles represent the predictions, whereas the observations
by Cappellaro et al. (1999) are represented by the solid
squares. For all SN types, the observations indicate an
increase of the SNu from early to late types. The inter-
pretation of this trend is related to the fact that the late
types have in general high SFR values per unit mass (see
Figure 2), hence higher SN rates. Furthermore, the blue
luminosity, in absence of active star formation, is propor-
tional to the stellar mass, which is large in early galaxy
types (E/S0) and small in late types, such as Sbc/d and
Irr. The increasing trend of the observed SNu towards
later Hubble types is due to a combination of both these
effects. However, it is worth to stress that in reality the
blue luminosity reflects the stellar mass only in galaxies
with no active star forming regions, whereas in late types
it is the result of the combined effects of the emission by
both old stars and young stellar population, along with
the absorption by dust grains.
By looking at the type Ia rate as a function of the galactic
type, we reproduce the observed data for E/S0 and Irr
galaxies. In the case of S0a/b and Sbc/d galaxies, the
data are overestimated and underestimated, respectively.
Our predictions indicate that S0a/b galaxies have a higher
type Ia SNR per unit luminosity than Sbc/d galaxies be-
cause of their higher number of tye Ia SN progenitors, due
to a past average star formation rate higher than Sbc/d
galaxies.
Concerning SN Ib/c, according to our predictions the rate
in E/S0 is zero, since in these galaxies star formation
stopped more than 12 Gyr ago. For the S0a/b and Sbc/d
galaxies, with a Scalo IMF (open circles in Fig. 5) our
models underestimate the observed rates. For Irr galax-
ies, the predicted Ib/c rate lies in the lower part of the
error bar. This fact probably indicates that we are un-
derestimating the Ib/c rates, i.e. that the single stars
with masses M > 25M⊙ are not sufficient to explain the
observed type Ib/c SN rates and that other progenitors
should be taken into account. On the other hand, we note
that with the assumption of a Salpeter IMF (inverted tri-
angles in Fig. 5) in spiral discs, the type Ib/c SN rates are
well accounted for.
Finally, we note that the predicted type II SN rates are
in very good agreement with the data. Given the many
sources of uncertainty in determining the blue luminosity
of galaxies (mostly dust extinction and inclination effects)
as well as the galactic Hubble types, we find that our the-
oretical picture provides a good fit of the observed rates.
3.2. SN rates per unit mass
The K band luminosity is dominated by old stellar pop-
ulations, which contribute to the bulk of the stellar mass
of present-day galaxies. For this reason, the K luminosity
represents a better tracer of the stellar mass than the B
band luminosity. Moreover, the K band luminosity is not
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Fig. 3.— Predicted time evolution of the type Ia (solid lines), type Ib/c (dashed lines) and type II (dotted lines) supernova rates per unit B
luminosity (SNu) for galaxies of different Hubble types, as indicated in each figure, assuming a Salpeter (1955) IMF in E/S0 and Irr galaxies
and a Scalo (1986) IMF in S0a/b and Sbc/d galaxies.
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Fig. 4.— Predicted time evolution of the type Ia (solid lines), type Ib/c (dashed lines) and type II (dotted lines) supernova rates per unit
mass (SNuM) for galaxies of different Hubble types, as indicated in each figure, assuming a Salpeter (1955) IMF in E/S0 and Irr galaxies and
a Scalo (1986) IMF in S0a/b and Sbc/d galaxies.
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Fig. 5.— Observed and predicted present-day Ia (lower panel), Ib/c (middle panel) and II (higher panel) SN rate per unit blue luminosity
as a function of the galactic morphological type. The solid squares with the error bars are the observed values by Cappellaro et al. (1999).
The open circles represent the predicted values for the various galactic types, assuming that the progenitors of SNe Ib/c are single stars with
masses M ≥ 25M⊙, losing their envelope as Wolf-Rayet (WR) stars. The open circles are calculated assuming a Salpeter IMF (1955) in E/S0
and Irr galaxies and a Scalo (1986) IMF in S0a/b and Sbc/d galaxies. The inverted triangles are the SN rates calculated for S0a/b and Sbc/d
galaxies, assuming a Salpeter (1955) IMF.
0.01
0.1
1
Fig. 6.— Observed and predicted present-day Ia (lower panel), Ib/c (middle panel) and II (higher panel) SN rate per unit mass as a
function of the galactic morphological type. The open squares with the error bars are the observed values by Mannucci et al. (2005). The
open circles represent the predicted values for the various galactic types, assuming that the progenitors of SNe Ib/c are single stars with
masses M ≥ 25M⊙, losing their envelope as Wolf-Rayet (WR) stars. The dotted circles are the predicted values assuming that the progenitors
of SNe Ib/c are WR stars plus massive binaries (MB). The open circles and the dotted circles are calculated assuming a Salpeter (1955) IMF
in E/S0 and Irr galaxies and a Scalo (1986) IMF in S0a/b and Sbc/d galaxies. The inverted triangles are the SN rates calculated for S0a/b
and Sbc/d galaxies, assuming a Salpeter (1955) IMF and that that the progenitors of SNe Ib/c are single stars with masses M ≥ 25M⊙.
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affected by dust extinction effects, hence its determination
is in principle more robust than the one for the B band.
The K band luminosity has been used by Mannucci et al.
(2005) to derive the SN rate per unit mass. In Figure 6,
we show the observed and predicted present-day Ia (lower
panel), Ib/c (middle panel) and II (higher panel) SN rate
per unit mass as a function of the galactic morphological
type. Also in this case, the observations show an increase
in the rates from early types to late types. In general, this
effect is even more pronounced than in Figure 5. We notice
that this effect is accounted for by our predictions. Fur-
thermore, the agreement between the model predictions
and the observations here is better than in Figure 5.
The type Ia SNR per unit mass is reproduced very well for
all galaxy types. The discrepancy between the observed
and predicted Ib/c rates for S0a/b, Sbc/d (with a Scalo
IMF) and Irr is still present. This confirms that, if the IMF
in spiral disks is the one of Scalo (1986), massive WR stars
are unlikely to represent the only progenitors of type Ib/c
SN. On the other hand, it is important to note that the
assumption of a Salpeter IMF (inverted triangles in Fig. 6)
in S0a/b and Sbc/d galaxies, allows us to reproduce the
observed type Ib/c SN rates.
3.3. SN type Ib/c rates from binary systems
Other possible progenitors for type Ib/c SNe can be less
massive stars (i.e. stars with initial masses 12-20 M⊙) in
close binary systems, ending their lives as He stars and
ejecting their H envelope by means of mass transfer (Fil-
ippenko 1991) and finally exploding as core collapse SNe.
Therefore, we recalculate the type Ib/c and II SN rates by
assuming that the Ib/c SN progenitors are both single WR
stars and close massive binaries. In this case, the uncer-
tain parameter is the proportion of massive stars in close
binary systems which will give rise to Type Ib/c SNe, the
equivalent of the parameter AIa described in Sect. 2.6.
This quantity is practically unknown, as it is AIa, and it
should be determined as the best value to reproduce the
present-day type Ib/c SNRs in our Galaxy. However, we
can attempt to give a realistic estimate of this quantity, by
assuming that in our Galaxy, half of the massive stars are
in binary systems. We assume a close binary frequency of
30%, i.e. similar to the close binary frequency predicted
for low mass systems (Jeffries & Maxted 2005). In this
way, we tentatively estimate, for the Scalo (1986) IMF
that a fraction:
AIb/c,Sc = 0.5 · 0.3 = 0.15 (12)
of the massive stars with masses in the range 12-20 M⊙
may represent possible type Ib/c SN progenitors.We re-
mind here that, like for type Ia SNe, we do not consider
the existence of massive binaries other than for the pro-
genitors of type Ib/c SNe, and treat all the stars, binaries
and single, as single stars from the point of view of the
IMF.
As in the case of the fraction AIa of binary systems
which can end as type Ia (see eq. 6), the quantity AIb/c de-
pends on the assumed stellar IMF. Here, we assume that:
AIb/c,Salp
AIb/c,Sc
=
AIa,Salp
AIa,Sc
(13)
where AIa,Salp and AIa,Sc refer to the Salpeter and Scalo
IMF, respectively, and are chosen according to Matteucci
et al. (2003). By subtracting the quantity
RMBIb (T0) = AIb/c · RII(T0) (14)
(where AIb/c = AIb/c,Salp for E/S0 and Irr and AIb/c =
AIb/c,Sc for S0a/b and Sbc/d, respectively) from the pre-
dicted type II SN rate calculated at the present time
(RII(T0)), and by adding this same quantity to the previ-
ously calculated current type Ib/c SN rate (RIb(T0)), we
obtain:
R′II(T0) = RII −R
MB
Ib (T0) (15)
R′Ib(T0) = RIb(T0) +R
MB
Ib (T0) (16)
These quantities are the revised calculations for the type
II and Ib/c SN rates, indicated by R′II(T0) and R
′
Ib(T0),
respectively. In Figure 6 , these new values are indicated
as dotted circles. We note that the newly calculated type
Ib/c SN rates are in very good agreement with the ob-
servations. Our conclusions are that single WR stars,
exploding as type Ib/c SNe, are not sufficient to account
for the observed Ib/c SNR per unit mass. Less massive
stars, with initial masses 12 ≤ M/M⊙ ≤ 20, in close bi-
nary systems, give a significant contribution to the Ib/c
SN rates. It is important to stress that, for S0a/b and
Sbc/d galaxies, this conclusion holds only in the case of
the assumption of a Scalo (1986) IMF.
In Table 3, we present all the predicted present-day es-
timates for the type Ia, Ib/c and II SN rates in the four
morphological types and we compare them with the avail-
able observational estimates. The SN rates are calculated
per unit B band luminosity and per unit mass. Hubble
types are reported in the first column. The observed and
predicted values for the type Ia, Ib/c and II SN rates are
reported in the second, third and fourth double columns,
respectively. For S0a/b, Sb/c in the case of a Scalo IMF
and Irr galaxies, the entries for the predicted type Ib/c SN
rates in Table 3 include also the contribution by massive
binaries and have been calculated according to equation
(16). For S0a/b and Sb/c, in the case of the adoption of
Salpeter IMF, the entries include only the contribution
by single stars with masses M ≥ 25M⊙. In general, the
agreement between the model predictions and the data is
rather good. Given the several sources of uncertainty in
recognizing the galactic Hubble types and in some cases
the SN types, we find that our models provide a good fit
of the observed rates.
3.4. The Evolution of the cosmic star formation rate
density
A significant test for any galaxy evolution model is rep-
resented by the study of the cosmic star formation history
(Hopkins 2004, Sawicki & Thompson 2006). In this pa-
per, we calculate the star formation rate density ρ˙∗(z) as
indicated in Calura & Matteucci (2003):
ρ˙∗(z) =
∑
i
ρBi(z) (
M
L
)Bi(z)SFRmi(z) (17)
where ρBi, (
M
L )Bi and SFRmi(z) are the B luminosity
density, the B mass-to-light ratio and star formation rate
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Table 3
Observed and predicted SNR per unit B luminosity and per unit mass.
SN rate per unit B luminosity (SNu)
Hubble Type Ia Ib/c II
Obs1 Pred Obs1 Pred Obs1 Pred
E/S0 0.17± 0.06 0.19 < 0.01 0. < 0.02 0.
S0a/b 0.17± 0.07 0.3 0.10± 0.06 0.06 0.40± 0.18 0.28
(Scalo IMF)
S0a/b 0.17± 0.07 0.29 0.10± 0.06 0.1 0.40± 0.18 0.76
(Salpeter IMF)
Sbc/d 0.20± 0.08 0.12 0.13± 0.07 0.09 0.81± 0.33 0.50
(Scalo IMF)
Sbc/d 0.20± 0.08 0.09 0.13± 0.07 0.15 0.81± 0.33 1.1
(Salpeter IMF)
Irr 0.38± 0.15 0.5 0.21± 0.15 0.26 0.62± 0.37 0.48
SN rate per unit mass (SNuM)
Hubble Type Ia Ib/c II
Obs2 Pred Obs2 Pred Obs2 Pred
E/S0 0.042+0.015
−0.013 0.05 <0.009 0. <0.012 0.
S0a/b 0.062+0.026
−0.024 0.10 0.034
+0.025
−0.017 0.02 0.11
+0.056
−0.051 0.12
(Scalo IMF)
S0a/b 0.062+0.026
−0.024 0.06 0.034
+0.025
−0.017 0.02 0.11
+0.056
−0.051 0.16
(Salpeter IMF)
Sbc/d 0.16+0.064
−0.06 0.11 0.11
+0.070
−0.056 0.08 0.70
+0.29
−0.28 0.44
(Scalo IMF)
Sbc/d 0.16+0.064
−0.06 0.08 0.11
+0.070
−0.056 0.13 0.70
+0.29
−0.28 0.96
(Salpeter IMF)
Irr 0.73+0.40
−0.29 0.82 0.51
+0.63
−0.36 0.44 1.6
+1.33
−0.95 0.80
Observed values: 1 Cappellaro et al. (1999); 2 Mannucci et al. 2005.
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Fig. 7.— Predicted and observed star formation rate density assuming that galaxy formation started at zf = 5. The dashed line represents
the predicted total comoving SFR density, given by the sum of the contributions of all the different morphological types. The solid line is the
predicted SFR density, re-normalized to the z = 0.05 value by Sawicki & Thompson (2006). The solid squares are the observational data by
Sawicki & Thompson (2006). The open circles are the data by Schiminovich et al. (2005). The solid diamonds are taken from Lanzetta et al.
(2002).
per unit mass for the galaxies of the i-th morphological
type, respectively. For purposes of comparison with all
the observational data, hereinafter we adopt a Lambda-
cold dark matter cosmology (ΛCDM, Ω0 = 0.3, ΩΛ = 0.7)
and h = 0.73. For all galaxies, we assume that the star
formation started at redshift zf = 5. According to this
cosmological model, the redshift zf = 5 corresponds to a
lookback time of 11.8 Gyr.
The points in Figure 7 represent estimates based on ob-
servations in the UV band, which is contaminated by dust
extinction effects. However, since the extent of the atten-
uation by dust is highly uncertain (see Steidel et al. 1999,
Hopkins 2004), we have chosen to plot the data uncor-
rected for dust extinction. The dashed line in Figure 7
represents the predicted evolution of the cosmic star for-
mation history, obtained by means of our models. The
solid line represents the predicted cosmic SFR, renormal-
ized to the value calculated at z = 0.05 by Sawicki &
Thompson (2006). The solid line is drawn in order to
stress that the evolution of the cosmic SFR observed be-
tween redshift z = 1 and z = 0 is well reproduced by our
models. The shape of the SFR density at redshifts z > 2 is
highly uncertain (Hopkins 2004). The fit to the points can
be improved by shifting the redshift of formation zf = 5
towards higher values. The peak predicted by means of our
models is due to the strong star formation in the progen-
itors of E/S0 galaxies and might not be observable if the
associated starbursts occurred in sites heavily obscured by
dust. In fact, in their study of the UV luminosity density
evolution, Calura, Matteucci & Menci (2004) have shown
that, once dust obscuration effects are taken into account,
the predicted peak at z = 5 of the UV luminosity density,
due to early type galaxies, levels off and their predictions
become consistent with the observed values.
3.5. The Evolution of the supernova rate density
Once we have verified that our galaxy evolution pic-
ture reproduces the observed cosmic star formation his-
tory, now we focus on the cosmic SNR density and its
evolution. The SNR density (SNRD) is defined as the
SNR per unit cosmic volume. This quantity is important
since it gives information on how the total galaxy popu-
lations evolve with cosmic time. This study is also useful
to understand the contributions that the different galactic
morphological types give to the total supernova rate and,
as a consequence, to the global rate of metal production.
The SNRD values observed so far concern type Ia SNe
and core collapse (CC) SNe, which include the categories
of type Ib/c and II. For this reason, from this moment on
we ignore the distinction between type Ib/c and II SNe.
The CC SNRD is given by the sum of the type Ib/c and
II SNRDs.
For the k−th galactic morphological type, the type γ
SNRD (expressed as SN yr−1Mpc−3) as a function of the
redshift z is :
ρSNR,γ(z) = ρB,k(z)SNu
γ
k 100
−1 yr−110−10LB,⊙ (18)
ρB,k(z) is the B band luminosity density (BLD) for the
k− the morphological type. At z = 0 the BLDs for the
single galaxy types are the ones observed by Marzke et
al. (1998), who determined the local B band luminosity
function for three morphological types: early-types, spi-
rals and irregular galaxies. We assume that the early type
BLD represents the contribution by E/S0 galaxies. The
morphological fractions for the S0a/b and Sbc/d galaxies
are the ones observed by Nakamura et al. (2003), who
have shown that the stellar mass density of spiral disks
is dominated by S0a/b galaxies, with a 73% contribution.
The remainder 27% is the contribution by Sbc/d galaxies.
These fractions, multiplied by the total spiral BLD as ob-
served by Marzke et al. (1998), give the local S0a/b and
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Fig. 8.— Predicted type Ia (lower panel) and core collapse (higher panel) SN rate density as a function of redshift for various galactic
morphological types. Solid lines: contributions by E/S0 galaxies. Dotted lines: contributions by S0a/b. Short-dashed lines: contributions by
Sbc/d. Long-dashed lines: contributions by Irr galaxies.
Fig. 9.— Observed and predicted type Ia (left lower panel) and core collapse (left higher panel) cosmic SN rate density as a function of
redshift and as a function of cosmic time (right panel). The predictions have been calculated by assuming two possible redshifts of formation
for all galaxies: zf = 3 (dotted lines) and zf = 5 (solid lines). Open squares: Cappellaro et al. (1999). Open triangle: Madgwick et al.
(2003). Open pentagon: Hardin et al. (2000). Solid diamond: Tonry et al. (2003). Solid triangle: Blanc et al. (2004). Inverted solid triangle:
Pain et al. (2002). Open star: Pain et al. (1996). Open diamonds: Barris et al. (2006). Solid pentagons: Dahlen et al. (2004). Solid circle:
Cappellaro et al. (2005).
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Fig. 10.— Observed and predicted Core Collapse to type Ia SN rate ratio as a function of redshift. The predictions have been calculated
by assuming two possible redshifts of formation for all galaxies: zf = 3 (dotted lines) and zf = 5 (solid lines). Open squares: Cappellaro et
al. (1999). Solid pentagons: Dahlen et al. (2004).
Sbc/d BLDs.
At a generic redshift z, the luminosity density is calcu-
lated as described in Calura & Matteucci (2003, 2004).
The quantity SNuγk is the SNR, expressed in SNu, for
the k−th galactic type and for the γ-th SN type. In Fig-
ure 8 we show the predicted redshift evolution of the type
Ia SNRD (lower panel) and CC SNRD (upper panel) for
E/S0 galaxies (dashed lines), S0a/b (solid lines), Sbc/d
(dash-dotted lines) and irregular galaxies (dotted lines).
We note that the type Ia SNRD (Figure 8, lower panel) is
dominated by E/S0 galaxies throughout most of the cos-
mic time. S0a/b are the second main contributors to the
type Ia SNRD at any redshift. Sbc/d and Irr give a minor
contribution throughout most of the cosmic time. At the
present time, the type Ia SNRD is dominated by S0a/b
galaxies.
The CC SNRD (Figure 8, upper panel) at early epochs is
dominated by the progenitors of E/S0 galaxies, which, as
predicted by Calura & Matteucci (2003), cause also a peak
in the cosmic SFR density. The S0a/b and Sbc/d galaxies
dominate the CC SNRD throughout most of the cosmic
time. At the present time, the CC SNRD is dominated
by S0a/b and Sbc/d galaxies, with Irr giving a minor con-
tibution. In E/S0 galaxies, the present-day CC SNRD is
zero.
In Figure 9, we show the predicted and observed redshift
evolution of the total type Ia (left lower panel) and CC (left
upper panel) SNRD, along with the time evolution of the
Ia and CC SNRD (right panel). By looking at the time
evolution of the type Ia and CC SNRD (Figure 9, right
panel), we note that the type Ia and CC SNRD present a
peak at 0.2 Gyr and 0.02 Gyr after the beginning of the
star formation, respectively. The delay between these two
peaks is due to the different mass ranges, and consequently
explosion timescales, of type Ia and CC SNe.
In the left panels, the predictions have been calculated
by assuming two different redshifts of galaxy formation:
zf = 3 (dotted lines) and zf = 5 (solid lines). The sources
of the observed SNRD are reported in the caption of Fig-
ure 9. All the observed SNRDs have been normalized to
the local BLD used in this work, i.e. the one by Marzke
et al. (1998). Concerning the type Ia SNRD, the majority
of the observed data up to redshift z ∼ 1 (i.e. (1 + z) ∼ 2
in Fig. 9) are well reproduced by our models. On the
other hand, the points at redshift z > 1 (corresponding
to (1 + z) > 2 in Figure 9) observed by Dahlen et al.
(2004) are overestimated by our predictions. These data
are very difficult to reproduce by means of standard SN
rate models (Dahlen et al. 2004; Mannucci et al. 2005),
unless a significant delay time (τd = 4 Gyr) between the
epoch of star formation and the explosion of type Ia SN
is assumed. In principle, this means that one should wait
a time comparable to ∼ 4 Gyr after the beginning of star
formation, in order to observe a significant contribution
from type Ia SN to the chemical enrichment of any astro-
physical system. This conclusion is in strong contrast with
the results of any chemical evolution model describing the
Milky Way galaxy. It is well known that CC SNe enrich
the galactic ISM of α elements, such as O and Mg. On
the other hand, type Ia SNe are the main producers of
Fe-peak elements. For this reason, the study of the (α/Fe)
ratio in astrophysical objects carries important informa-
tion on the star formation history and on the age of the
systems. Chemical evolution models indicate that in the
solar neighbourhood, the time at which the Fe production
from SNe Ia starts to become important is ∼ 1 Gyr af-
ter the beginning of star formation (Matteucci & Greggio
1986, Matteucci & Recchi 2001). This timescale allows us
to explain the (α/Fe) values as a function of the (Fe/H)
ratio observed in Galactic field stars.
A delay time of ∼ 4 Gyr is also in contrast with chemical
evolution studies of Damped Lyman Alpha (DLA) sys-
tems. DLAs are Quasar absorbing systems characterized
by high neutral gas content (with typical values for the
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neutral H column density of N(HI) ≥ 2 · 1020cm−2) and
metal abundances which can span from ∼ 1/100 solar up
to the solar value (Wolfe, Gawiser & Prochaska 2005). Re-
cently, by comparing the abundance ratios observed in a
sample of DLAs with the predictions from chemical evolu-
tion models, it has been possible to determine for the first
time the age of these systems (Dessauges-Zavadsky et al.
2004), with values ranging from ∼ 0.1 Gyr up to 1−2 Gyr.
In general, DLAs show solar (O/Fe) ratios (Calura, Mat-
teucci & Vladilo 2003). This means that in these systems,
the contribution of type Ia SNe to the chemical enrichment
of the ISM has already been significant. Given their ages,
with a typical timescale of ∼ 4 Gyr for type Ia SNe, it
would be impossible to find solar (O/Fe) values in DLAs.
Moreover, recently Mannucci et al. (2006) have shown
that a large fraction of SNe Ia should arise from fast sys-
tems, i.e. exploding on timescales of the order of 40 Myr,
to explain the type Ia SN rates observed in radio loud el-
lipticals. For these reasons, we believe that the decline in
the cosmic Ia SNRD as observed by Dahlen et al. (2004)
should be regarded with caution. These data are the first
collected at redshift > 1 for the type Ia SN rate, and are
likely to represent lower limits to the actual values. Our
suggestion is that, before drawing definitive conclusions on
the behaviour of the type Ia SNRD at redshift z > 1, we
have to await for more data from future surveys.
Finally, from the lower panel of Fig. 9, we note that the
assumption that galaxy formation started at zf = 5 or at
zf = 3 has a minor impact on the theoretical results.
In the upper panel of Figure 9, we show the predicted
and observed evolution of the CC SNRD. In this case,
the available data are scant. The available measures have
been derived only by Cappellaro et al. (1999), Dahlen et
al. (2004) and Cappellaro et al. (2005).
The observed local CC SNRD is reproduced by our mod-
els. On the other hand, all the SNRD values observed
at redshift z ≥ 0.3 are underestimated by our results, al-
though consistent with the error bars. On the other hand,
our models allow us to reproduce the observed evolution
of the cosmic star formation, which is a quantity propor-
tional to the CC SN rate density. We believe that, owing
to paucity of the observational data, no firm conclusion
can be drawn on the evolution of the CC SN rate density
at redshift z > 0.
In Figure 10, we show the redshift evolution of the pre-
dicted CC/Ia SN rate ratio, along with the few available
data which have been collected for both quantities (Cap-
pellaro et al. 1999, Dahlen et al. 2004). The predic-
tions indicate that the CC/Ia ratio does not vary signif-
icantly between z = 0 and z = 1. The predictions are
all consistent with the available observations. At higher
redshift, according to our results the CC/Ia ratio should
show a large peak, in correspondence to the epoch of ma-
jor spheroid formation. This effect could be in principle
observable in the future, thanks to the next generation
space and ground-based telescopes.
4. conclusions
In this paper, we have studied the type Ia, Ib/c and II
SN rates for galaxies of different morphological types. We
have built four different chemical evolution models, each
one representing a different Hubble type: E/S0, S0a/b,
Sbc/d and Irr galaxies, respectively. We have interpreted
the Hubble sequence as due to a decreasing star forma-
tion efficiency and an increasing infall timescale going from
early to late type galaxies. We have then used these mod-
els to study the evolution of the SN rates per unit lu-
minosity and per unit mass as a function of time and as
a function of the Hubble type. This kind of study can
provide useful constraints on the possible SN progenitor
models and on several galaxy evolution parameters. We
have compared the observed local SN rates with our pre-
dictions, finding a generally good agreement. Finally, we
have investigated the redshift evolution of the core collapse
and type Ia SN rate density, a quantity very important to
understand the global evolution of star formation in the
universe. Our results can be summarized as follows:
1) The local observations indicate an increase of both the
SN rate per unit luminosity and mass from early to late
galaxy types. This feature is well reproduced by our mod-
els. According to our results, this effect is due to the fact
that the latest Hubble types have in general the highest
star formation rates per unit mass.
2) If we adopt a Scalo (1986) IMF in S0a/b and Sbc/d
galaxies, our results show that massive (i.e. with initial
masses M > 25M⊙) single W-R stars, losing the H enve-
lope by means of stellar winds and exploding as type Ib/c
SNe, are not sufficient to account for the observed Ib/c
SN rate per unit mass. In this case, less massive stars,
i.e. with initial masses 12 ≤ M/M⊙ ≤ 20, in close bi-
nary systems give a significant contribution to the local
Ib/c SN rates. On the other hand, by adopting a Salpeter
(1955) IMF for all morphological types, it is possible to ex-
plain the observed type Ib/c SN rates without resorting to
the contribution by massive stars in close binary systems.
However, Romano et al. (2004) have studied the effects
of varying the IMFs in the chemical evolution models of
the Milky Way galaxy. These authors have found that the
Salpeter IMF leads to a serious overestimation of the ob-
served solar abundances, showing that, for the modelling
of Milky Way disk, the Scalo (1986) IMF is favoured over
the Salpeter (1955) one.
3) The main contributors to the type Ia SN rate density
throughout most of the cosmic time are E/S0 galaxies.
During the epoch of E/S0 formation, the progenitors of
these galaxies dominate the total core collapse SN rate
density. S0a/b and Sbc/d galaxies dominate the core col-
lapse SN rate density throughout the remainder of the cos-
mic time, with Irr galaxies giving a minor contribution.
4) The predicted type Ia cosmic SN rate density increases
with redshift, reaching a peak at redshift z ≥ 3, which is
due to the contribution by massive spheroids. Our mod-
els allow us to reproduce the observed type Ia SN rate
density up to redshift z ∼ 1. At higher redshifts, our pre-
dictions overestimate the few available data, which cannot
be reproduced unless a significant delay time (τd = 4 Gyr)
between the epoch of star formation and the explosion of
type Ia SNe is assumed, as shown by Dahlen et al. (2004).
This delay time is in strong contrast with chemical evolu-
tion results from studies of the (α/Fe) ratio in the Milky
Way and in Damped Lyman Alpha systems. It is also in
contrast with the empirical type Ia SN rate recently de-
rived by Mannucci et al. (2006), which agrees with our
assumptions on the type Ia SN rate, which includes sys-
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tems exploding only after ∼ 0.03 Gyr from the beginning
of star formation. More data on the SN Ia at high redshift
are necessary before drawing firm conclusions.
5) At z = 0, we reproduce the observed CC SN rate den-
sity. At redshift z > 0, the few observations of the CC SN
rate density are underestimated by our results, although
consistent with the error bars. To draw firm conclusions
on the behaviour of the CC SN rate at redshift z > 0,
more observational data are needed.
6) Our predictions indicate that the ratio of the core col-
lapse to Ia SN rate should present a peak in correspon-
dence of the major spheroid formation epoch. In the fu-
ture, the next generation telescopes could allow us to ob-
serve this effect.
We are grateful to Raul Jimenez for having provided us
with the software necessary to calculate the spectra of the
simple stellar populations.
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